The ontogeny and maturation of the immune system is modulated by the microbiota. During fetal life, the mother's microbiota produces compounds that are transferred to the fetus and offspring, and enhance the generation of innate immune cells. After birth, the colonizing microbiota induces the development of intestinal lymphoid tissues and maturation of myeloid and lymphoid cells, and imprints the immune system with a reactivity level that persists long after weaning into adulthood. When the cross-talk between host and microbiota is perturbed early in life, a pathological imprinting may develop that is characterized by excessive immune reactivity in adulthood, which translates into increased susceptibility to inflammatory pathologies. In this review, we discuss the recent data that demonstrate the existence of a time window of opportunity early in life during which mice and human have to be exposed to microbiota in order to develop a balanced immune system. We also discuss the factors involved in imprinting, such as the microbiota, immune cells and stromal cells, as well as the nature of imprinting.
INTRODUCTION: MICROBES, HYGIENE AND IMPRINTING OF THE IMMUNE SYSTEM
The way we grow up and learn to interact with others affects us lifelong. Several of our physiological systems, such as the nervous and immune systems, directly sense the environment and respond to it in order to maintain homeostasis and survival of the individual. From birth on, the individual is exposed to new types of cells, the microbes, which activate the immune system and induce the development and maturation of immune cells and organs that contribute to the development of a functional symbiosis between host and microbiota. 1, 2 In both human and mice, a paucity of bacteria early in life leads to immunological defects that can be sustained into adulthood and increase the susceptibility to develop chronic inflammatory pathologies. 3, 4 The hygiene hypothesis A decreased incidence in infectious diseases during the 20 th century is associated with an increase in inflammatory pathologies, such as allergy and autoimmunity, which inspired the formulation of the hygiene hypothesis. 5 This hypothesis, or a generalized version of it, states that decreased exposure to microbes leads to deregulation of the immune system and a consequent increase in pathogenic reactivity. It is supported both by epidemiological observations in human and experiments in mice. For example, children raised in the proximity of farm animals, or given non-sterilized pacifiers, develop significantly less allergy than children raised away from animals or excessively protected from microbes. 6, 7 In mice, the absence of microbes in germ-free (GF) animals, or the presence of a low diversity microbiota, is associated with increased levels of proallergic cells, cytokines and IgE. 8, 9 A time window of opportunity Adding to the increased susceptibility to immunopathology associated with excessive hygiene is a temporal window during which exposure to microbes appears critical for the development of a balanced immune system ( Fig. 1) . A growing literature demonstrates that bacteria and their products modulate the development of the immune system during the period spanning birth to weaning (the neonatal period), with long term consequences on immune reactivity and immunopathology. 4, 10 This period is therefore termed a "window of opportunity" that allows for an important host-microbe cross-talk to occur and that cannot be missed. For instance, mice treated with antibiotics or inhibitors of antigen transfer (through the intestinal barrier) before weaning, but not after, and GF mice colonized with microbiota after weaning but not before, develop increased susceptibility to allergy and IBD in adulthood. [11] [12] [13] [14] [15] While earlier studies have focused on the intestine, similar observations were reported for the lung and skin, thus generalizing the "window of opportunity" concept to other mucosal surfaces. [16] [17] [18] [19] A similar "window of opportunity" may exist during late fetal life, 10,20,21 even though its consequences, mechanisms and time limits remain to be more precisely defined.
Imprinting of the immune system These observations have crystalized into the notion of "early life imprinting" of the immune system, a form of memory that translates the perinatal microbe-host crosstalk into long term setting of immune reactivity. 15 Pathological imprinting, in particular, is defined as the increased susceptibility to inflammatory pathology developed by individuals that have not been exposed to microbiota, or possibly to a dysbiotic microbiota, during the window of opportunity. Several studies are now devoted to explore the nature of immunological imprinting that is induced by microbiota early in life (see below), with the added wisdom that a better understanding of this phenomenon will uncover new preventive and therapeutic opportunities against inflammatory pathologies and the consequences of chronic inflammation. Here, we aim to review the recent literature on microbiota-induced immune imprinting, discuss possible mechanisms, and propose potential avenues for the fight against immunopathology.
TIMES WINDOWS OF OPPORTUNITY
Stable imprinting of the immune system by microbiota and its products has been reported to occur during different periods of time before and after birth.
A fetal time window?
Numerous experiments and epidemiologic data report an effect of the maternal microbiota, or of antibiotic treatment of the pregnant mother, on the immune system and susceptibility to inflammatory pathology of the offspring. 10, [20] [21] [22] [23] [24] [25] [26] During pregnancy, controversial evidence has suggested the existence of bacteria residing within the placenta, which could have an impact on the fetal immune system. 27, 28 More likely, the microbiota of the pregnant mother produces compounds that affect the immune system of the fetus or the newborn (Fig. 2 ). Short chain fatty acids (SCFA) produced by bacteria through fermentation of dietary fibers, such as acetate, imprint the fetal lung with an increased potential to induce the generation of regulatory T cells (Tregs) in adult offsprings and reduce the severity of house dust mite (HDM)-induced allergy. 10 This in line with a demonstrated effect of SCFA on the generation of Tregs via the G-coupled protein receptors Gpr41 and Gpr43, as well as through direct inhibition of histone deacetylases (HDAC). 29, 30 Bacterial ligands of the aryl hydrocarbon receptor (Ahr) have also been shown to affect fetal or neonatal immunity. Using an auxotrophic E. coli strain that was present only in the pregnant mother, it was demonstrated that Ahr ligands produced by E. coli were transferred from the mother to the fetus and newborn via an antibody-dependent transport mechanism. 20 In the offspring, these ligands boosted the number and activity of myeloid cells, as well as of type 3 innate lymphoid cells (ILC3), an effect reported earlier by different teams. [31] [32] [33] However, these studies did not show immune imprinting of the offspring, but rather, that perturbations of the maternal microbiota during pregnancy can impact the offpring and alter the development of its immune A diverse microbiota in the mother and the offspring is required to develop a balanced immune system and prevent pathological imprinting. Perturbation of the microbiota alters the host-microbe cross-talk and leads to pathological imprinting. Such cross-talk occurs during late fetal life and during the neonatal period spanning birth to weaning, a period that witnesses a large expansion and diversification of the intestinal microbiota.
Imprinting of the immune system by the microbiota early in life Z Al Nabhani and G Eberl system. Similarly, alterations (dysbiosis) in the maternal microbiota can be transmitted to the offspring and determine immune reactivity in the long term, [34] [35] [36] an effect that we will discuss in a later chapter. Other compounds of dietary origin, the metabolism of which may be modulated by the microbiota, such as retinoic acid (RA), have significant effects on the developing fetal immune system. 37 However, these effects are of an ontogenic nature that will not be discussed here.
The neonatal time window Imprinting of the immune system by the microbiota has been best demonstrated during the neonatal period. 4 The colonizing microbiota has a profound impact on the development of the intestinal immune system. For example, GF mice fail to develop isolated lymphoid follicles (ILFs) during the second week after birth, 2,38 recruit low numbers of intra-epithelial lymphocytes (IEL), 39 fail to generate RORγt + Tregs 40,41 and show a decrease in the substitution of yolk-sac-derived macrophages with bone marrow-derived macrophages. 42 However, these effects are mostly transient and can be salvaged, as far as we know, by microbial colonization later in life. However, other effects of the microbiota during the neonatal period are long-lived and apparently irreversible. Nagler's team has pioneered experimental demonstration that early life treatment of mice with antibiotics has an effect into adulthood, long after cessation of treatment, and manifested by an increased susceptibility to allergy. 11 This phenomenon was confirmed later by Finlay's and Blumberg's teams. 12, 13 They showed that mice treated with antibiotics during the neonatal period, but not after, or colonization of GF mice only after weaning, developed increased susceptibility to allergy in gut and lung. Exposure to microbiota during the neonatal period also diminished the susceptibility to colitis-associated tumorigenesis. 15, 43 Similarly, treatment of mice with antibiotics until weaning led to increased susceptibility to skin and lung fibrosis in a model of systemic sclerosis. 18 Furthermore, using the house dust mite (HDM) model of lung allergy, Marsland's team showed that exposure of mice to microbiota during the second week after birth imprinted efficient generation of Tregs later in life, which modulated HDM-induced inflammation. 16 A similar observation by Rosenblum's team was reported for the generation of skin-resident Tregs that regulate microbiota-induced inflammation in adulthood. 17 Finally, in a process affecting all mucosal surfaces, it was shown that bacterial metabolites of vitamin B2 are required before weaning to induce the generation of mucosa-associated invariant T (MAIT) cells in the adult. 44, 45 The weaning reaction Another twist in the story was added by the characterization of the weaning reaction. We reported that the weaning reaction is the first vigorous immune response to the colonizing intestinal microbiota after birth. 15 As mice diversify their food intake from a milk-only diet to one that includes solid food, during the third week after birth, the intestinal microbiota expands dramatically both in numbers of bacteria and richness of bacterial species. The host responds by developing the weaning reaction, characterized by high levels of pro-inflammatory cytokines in the intestine, such as IFNγ and TNFα, which recedes during the fourth week after birth. Remarkably, such a vigorous reaction is not elicited by the colonization by microbiota of adult GF mice, demonstrating the existence of a restricted time window of opportunity for the weaning reaction. When this reaction was inhibited by transient antibiotic treatment, 15 or perturbed by excessive calorie intake, 46 mice developed increased susceptibility to inflammatory pathology in adulthood, which was characterized by broad exacerbation of cytokine production upon challenge. Similar observations were reported in transgenic mice expressing a T-cell receptor specific for bacterial flagellin. 14 Using this model, Newberry's team showed that the time window opens during the second week after birth as Goblet cells increase their capacity to transfer antigens from the intestinal lumen to the lamina propria, in a process termed Goblet cell-associated antigen passage (GAP). 47 While declining levels of epidermal growth factor (EGF) in the mother's milk allow for the opening of the time window, it remains unclear how the time window closes after weaning, although detection of microbes by Myd88-dependent innate receptors may be involved. Finally, even though antibiotic treatments after weaning affects the microbiota, and therefore, the activation state of the immune system and immune adaptive memory, microbial exposure after weaning did not alter pathological imprinting. 15 Therefore, epidemiological data reporting effects of antibiotic treatment during childhood on susceptibility to allergy may not be a consequence of immune imprinting, but rather, of dysbiosis and the consequent altered activation state of the immune system (discussed below).
MECHANISMS OF IMPRINTING
Arguably, imprinting is another word for memory. For an immunologist, however, memory is associated with antigen specificity carried by B and T cells, while other forms of not so specific memory have been diversely termed innate memory, adaptation, training or imprinting. [48] [49] [50] [51] Historically, Konrad Lorenz used the term imprinting to describe how early experience defines animal behavior later in life. 52 He went on to state that imprinting may only occur during "a narrowly defined period in the individual's life" and that the imprinted behavior "cannot be forgotten". Therefore, imprinting fits quite well with the immunological phenomenon we are discussing here.
More interesting than semantics are probably the mechanisms involved in encoding memory. If memory is encoded as a durable change of state in a system, then it can take many forms. Antigenspecific memory is encoded by a genetic re-arrangement of gene segments coding for antigen receptors in lymphocytes, followed by selection and amplification of cell clones. 53 Of note, amplification of cell clones or distinct cell populations is a common mode of memory in both adaptive and innate immunity, as well as in the selection of stem cells, cancer cells, and microbiota. [49] [50] [51] Other forms of memory are encoded in the nervous system, such as circuit structure and synaptic strength. 54 Finally, the epigenome is a particularly attractive substrate of memory, as it can be modified and maintained over several cell divisions, and transmitted from one cell to another (as in the case of sperm cells). 55 Epigenetic memory is also interesting, as it is induced by experience rather than by chance (as in the case of antigen receptor genes), and propagates an adaptation to the environment-a Lamarckian principle of evolution.
The colonization of the intestine by microbiota during the neonatal period induces significant transcriptional changes in the adult intestine as compared to GF mice colonized as adults, which encompass many different systems. 56 We therefore expect that diverse types of cells, tissues and organs are involved in immunological imprinting, using diverse modes of memory encoding.
Imprinting of lymphoid and myeloid cells
The model of oxazolone-induced colitis is driven by the recruitment to the intestine of invariant NKT (iNKT) cells that produce IL-13. The colonizing microbiota alters the methylation pattern of the gene coding for CXCL16, the chemokine that recruits NKT cells to the intestine. 13 Such microbiota-induced epigenetic modifications must occur before weaning to decrease iNKT recruitment, possibly involving CD1d-mediated antigen presentation to iNKT cells during the weaning reaction. 57 While the probable carrier of imprinting is dendritic cells (DC), it remains unclear how such epigenetic changes are induced.
We have shown that microbiota-induced RORγt + Tregs must be generated during the weaning reaction in order to prevent pathological imprinting. 15 All components required to induce RORγt + Tregs, i.e., pro-inflammatory bacteria and bacterial antigens, SCFA and RA, must therefore be present during weaning. In preliminary experiments, we show that RORγt + Tregs carry protective imprinting, but the nature of imprinting remains to be identified. Intriguingly, during fetal life, SCFA were reported to induce the imprinting of Treg responses later in life, but lung epithelial cells, and not Tregs, were the carrier of imprinting. 10 SCFA increased acetylation of the gene coding for FoxP3, a master regulator of Treg generation, through inhibition of HDAC9. In this case, the mechanism by which microbiota modifies the epigenome is rather clear, but the link between epithelial and T cell expression of FoxP3 remains to be understood.
Antigen-specific memory can carry imprinting from the neonatal period into adulthood. 14 In mice transgenic for a T cell receptor recognizing Lachnospiracea flagellin, the generation of RORγt + Tregs occurred mainly during the weaning reaction and protected from severe colitis later in life. The restrictive period of Treg generation in this context is surprising, as microbiota can induce RORγt + Tregs in the adult. 40 Protection from colitis is expected to be antigen-specific, and therefore, may not apply to protective imprinting in mice carrying complex microbiotas and T cell repertoires. A similar phenomenon was observed in the skin. Using mice transgenic for a T cell receptor recognizing a Staphylococcus epidermidis antigen, it was shown that antigenspecific Tregs must be generated during the second week after birth in order to maintain tolerance to this antigen in the adult. 17 Protective imprinting in the lung requires exposure to microbiota during the second week after birth. 16 The protection is mediated by Tregs, but early life exposure involves the expansion of dendritic cells (DC) expressing PD-L1 that are required to induce the expansion of Tregs later in life, suggesting that DCs carry imprinting. In the case of MAIT cells, Belkaid's team showed that, for their generation, riboflavin metabolites must be produced by the microbiota before weaning. 44 Together with Lantz's demonstration that these metabolites are required for the thymic generation of MAIT cells, 45 the data suggest that the presentation of vitamin B2 metabolites by double positive thymocytes is critical early in life to maintain the pool of MAIT cells in a lifetime.
However, T cells can also carry pathological imprinting, as reported in the context of IBD. 58 CD4 + T cells isolated from mice that were treated with antibiotics during the neonatal period induced a more severe colitis than cells isolated from untreated mice when transferred into RAG-deficient mice. It was suggested that CD4 + T cells carry pathological imprinting through dysregulated expression of genes associated with cell cycle, metabolism and stress.
Finally, B cells may carry imprinting. McCoy's team showed that high levels of serum IgE in GF mice were normalized only in mice exposed to complex microbiota before 4 weeks of age. 9 Furthermore, antibiotic treatment during the neonatal period lead to decreased IgG responses to various vaccines in the adult, while IFNγ production by T cells was increased. 59 However, as T helper cells are involved in B cell activation and isotype switching, imprinting in T cells cannot be ruled out in these cases.
Imprinting of bone marrow cells
The imprinting of progenitors of lymphoid and myeloid cells in the bone marrow seems plausible, as microbial products have been shown to alter hematopoiesis. Furthermore, imprinting of bone marrow progenitors may be stable over time and affect the immune system in most tissues. Bacterial compound and metabolites, such as peptidoglycan and SCFA, increase myelopoiesis and the production of neutrophils, macrophages and DCs in neonates and adults, [60] [61] [62] [63] while GF mice show reduced hematopoiesis. 64 The effect of SCFA on the generation of macrophages and DCs is dependent on Gpr41 and Gpr43, and may therefore involve epigenetic reprogramming of their progenitors. 62 Possibly a consequence of similar mechanisms, adult rats that were raised by mothers fed on a protein-poor diet develop reduced neutrophil activity, indicating early life imprinting of myeloid progenitors. 65 Evidence for similar effects on lymphoid progenitors remains scarce, even though endotoxins, such as lipopolysaccharides (LPS), affect B cell maturation. 66 Imprinting of epithelial cells Exposure to microbial compounds early in life regulates the ability of epithelial cells to activate innate immune pathways. Upon bacterial colonization of the gut or exposure to allergen in the lung, Toll-like receptor (TLR)-mediated signaling in epithelial cells is downregulated through negative control loops provided by microRNA-146a and A20. [67] [68] [69] We therefore expect that microbiota-induced regulation of epithelial function affects the development of the immune system and imprinting. However, in the intestine, the epithelium is entirely renewed approximately every 5 days, suggesting that the more likely carriers of imprinting are epithelial stem cells. A precedent for imprinting of epithelial stem cells has been recently reported for the skin. An initial wound healing leads to inflammation-induced epigenetic modifications in stem cells, which endows them with increased reactivity to subsequent challenges. 70 Whether neonatal exposure to the colonizing microbiota leads to a similar epigenetic imprinting in intestinal epithelial stem cells is an interesting and consequence-rich possibility.
Imprinting of stromal cells Imprinting of stromal cells by microbiota has been demonstrated in the gut-draining mesenteric lymph nodes (mLN). Stromal (fibroblastoid CD31 − gp38 + ) cells in mLN promote the generation of Tregs, a property that could be maintained in the long term upon transfer into other lymph node sites. 71 Also maintained was their distinct expression pattern, including increased expression of Retinaldehyde dehydrogenase (Raldh2/3) that converts vitamin A into RA, an efficient promoter of Tregs. 72 While imprinting of mLN could occur early in life, it was shown that imprinting could also be induced in the adult. 71 The nature of imprinting, probably involving epigenetic modifications, remains to be determined.
Imprinting of microbiota
A large body of evidence shows that perturbation, or dysbiosis, of the microbiota early in life can persist into the long term and increase susceptibility to inflammatory pathology in the adult 3 or alter the response to vaccination. 59 Dysbiosis can have multiple sources. The first is the mother. Dybiosis of the maternal microbiota, induced by antibiotics, food or inflammation, can be transmitted to the offsprings, which then carry it into adulthood. 10, [22] [23] [24] [25] [26] The second is direct perturbation of the neonate's microbiota by antibiotics, which modify the ecological equilibrium in the intestine (and elsewhere). 73 The mechanisms of irreversible perturbations of the microbiota by antibiotics have been nicely shown in the context of vancomycin treatment in patients and mice, which creates the opportunity for vancomycinresistant Enterococci to dominate the microbiota. 74 Food is another major modifier of microbiota. In malnourished children, a persistent immature microbiota prevents efficient refeeding and normal growth of these children. 75 In mice, we have reported that excessive calorie intake during the neonatal period leads to the expansion of sulfide-producing bacteria that destabilize the mucus and thereby induce pathological imprinting. 46 Nevertheless, we did not observe long term imprinting of the microbiota in this case. Finally, the genetic background of the host has important consequences on the composition of the neonatal microbiota that is maintained into adulthood and may shape susceptibility to inflammatory pathology. Mice deficient in TLR5 lose early the ability to control flagellated bacteria, with long term consequences on the microbiota composition, 76 and mice deficient in NOD2 develop a microbiota different from wild type mice when treated with antibiotics during the neonatal period, with consequences on susceptibility to colitis in the adult. 77 How dysbiosis increases susceptibility to colitis and allergy in the adult remains to be clearly understood. During perturbation of the microbiota, bacteria or fungi (or viruses) endowed with increased invasive potentials may induce chronic inflammation of the mucosal tissue, thereby increasing the risk of developing inflammatory pathology upon challenge. 74 For example, arthritisprone K/BxN mice develop the disease when mono-colonized with Segmented Filamentous Bacteria (SFB), as a consequence of the ability of SFB to induce type 3 immune responses characterized by the production of IL-23 and IL-17 (ref. 78 ). A change in the microbial balance may also modify the equilibrium between different types of immune responses, and thereby increase the risk of inflammatory pathology driven by one type of immune response. 79 This phenomenon of immune cross-regulation has been best demonstrated in the context of superinfections. For example, intestinal helminth infection negatively regulates the response and control of norovirus, 80 while the elimination of a substantial fraction of the intestinal microbiota with antibiotics increases the response to norovirus by weakening such negative regulation. 81 Imprinting of the nervous system The nervous system is extremely sensitive to sensory input and imprinting during the neonatal period. 82 For example, sounds have to be heard and spoken by the young child before the age of 1 year in order for the child to correctly pronounce them long after that period. 83 Another spectacular example of neuronal imprinting is the sound of mother in hatching geese, which associate the first animal sound they hear to their mother, for life. 84 It is therefore tempting to speculate that immune imprinting induced during the neonatal period may be carried, at least in part, by the nervous system. While the impact of the microbiota on brain function is now well supported, 85 few studies yet document neonatal immune imprinting of the nervous system by the microbiota. In that line of ideas, it was demonstrated that exposure to microbiota during the neonatal period restores fear extinction learning in adulthood. 86 
PREVENTING AND REVERSING PATHOLOGICAL IMPRINTING
The lack of exposure, or exposure to a low diversity or dysbiotic microbiota, during the neonatal period leads to pathological imprinting and increased susceptibility to inflammatory pathologies later in life. Therefore, a sensible approach to prevent pathological imprinting is to identify components of the microbiota, as well as of the diet that nourishes both the host and the microbiota, which are required to ensure healthy imprinting. It is already established that particular bacterial strains promote healthy imprinting, such a fermenters of dietary fibers that generate SCFAs. 15 Furthermore, the neonatal colonization of mice with Lactobacillus rhamnosus GG decreases susceptibility to colitis in the adult by inducing higher levels of IgA. 87 RA, generated from dietary vitamin A, is required for a protective weaning reaction, 15 and riboflavin metabolites are required during the neonatal period to generate MAIT cells 44, 45 Thus, a combination of bacteria and food supplement may be designed to favor healthy imprinting and decrease the incidence of inflammatory pathologies later in life.
In light of the current understanding of immunological imprinting, we may also avoid certain treatments and behaviors, whenever possible. For example, antibiotic treatment during the neonatal period, and exposure of weanlings to high fat diets are causally linked to pathological imprinting. However, antibiotic treatments save infants from infections, and high calorie food may be the only food available. In these cases, it would be desirable to identify markers in stool or blood during routine medical checks and envisage reversion of pathological imprinting if detected. If such pathological imprinting is characterized in the microbiota, dysbiosis may be corrected by dietary prebiotics or a new generation of probiotics. In blood, markers of pathological imprinting remain to be identified. Furthermore, the nature of pathological imprinting remains to be better understood in order to design methods to reverse it. Recent finding on the epigenetic nature of imprinting in myeloid 13 and epithelial cells 70 indicate that reversion of pathological imprinting will be challenging. Obviously, methods to revert pathological imprinting must be less pathogenic than pathological imprinting itself.
CONCLUSION
In conclusion, it is important to underscore that immune imprinting manifests itself through increased susceptibility to inflammatory challenges later in life. This increased susceptibility reflects higher reactivity of the immune system, which is a consequence of decreased immune-regulation or increased basal reactivity (probably the two faces of the same coin). A higher immune reactivity may appear pathogenic in the context of low pathogen pressure that is prevalent in societies with high hygiene and vaccination coverage. However, high immune reactivity may be beneficial in an environment that is contaminated with pathogens. Therefore, the notion of "pathological imprinting" may be contextual, as an individual with high immune reactivity may experience protective imprinting when infected, while an individual with low immune reactivity may appear pathologically imprinted in that context.
